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We present an experimental investigation of the Rydberg 23 P1/2 state of single, laser-cooled
40Ca+ ions in a radiofrequency ion trap. Using micromotion sideband spectroscopy on a narrow
quadrupole transition, the oscillating electric field at the ion position was precisely characterised,
and the modulation of the Ryd- berg transition due to this field was minimised. From a correlated
fit to this P line and previously measured P and F level energies of Ca II, we have determined the
ionization energy of 95 751.916(32) cm−1, in agreement with the accepted value, and the quantum
defect for the nP1/2 states.
INTRODUCTION
Spectroscopy of ionic Rydberg states yields experimen-
tal data that are essential for determining various prop-
erties of Rydberg ions. The necessity of such data stems
from the fact that quantum defect theory [1] (which pro-
vides a theoretical basis for predicting properties of high-
lying states for any charge of a core) does not describe the
nontrivial behaviour of core-penetrating Rydberg states
with low angular momentum l < 4 for hydrogen-like
atoms and ions. For many applications, modifications
to the purely Coulomb part of the interaction can be
represented by a single, weakly energy-dependent phase
shift called quantum defect that has to be experimentally
determined [2].
Rydberg states of atoms, exhibit remarkable proper-
ties, such as high sensitivity to external electric and
magnetic fields. The key advantage is the largely en-
hanced polarisability, which make these systems ideal
for fundamental cavity quantum electrodynamics exper-
iments [3, 4] and for precise measurements as a quantum
sensor of electric fields with unmatched sensitivity [5, 6].
For trapped Rydberg ions, strong dipole-dipole interac-
tions can be achieved by microwave dressing fields [7].
Another exciting feature of Rydberg ions confined in a
trap is the coupling between their external and internal
degrees of freedom owing to their large polarisabilities.
Therefore they are excellent platforms for exploring non-
equilibrium dynamics in the quantum regime in an ex-
tremely controllable fashion [8, 9] as well as for extending
quantum simulation techniques from Rydberg atoms [10]
to ionic species.
Experimental investigations of Rydberg states of
trapped ions, inspired by reference [7], have been com-
menced with the first realisation of Rydberg F states of
Ca+ ions [11]. Further development have been recently
made in a seminal experiment for coherent control of a
single trapped Sr+ ion in Rydberg S states [12]. How-
ever trapped ions have been widely explored over the past
three decades for exciting applications, such as quantum
information processing [13], their Rydberg properties are
not well understood. An important development is envi-
sioned by implementing fast quantum gates using Ryd-
berg ions [14, 15].
Rydberg-state spectroscopy in combination with
Rydberg-series extrapolation presents the most precise
method for determining the ionization energy [16–18],
which is an important quantity for experimental stud-
ies and serves as a reference data for testing ab initio
calculations. Despite the ubiquitous use of Ca+ ions in
quantum technology experiments, up to date, there is no
precise measurement of its ionization energy.
Here, we report on Rydberg excitation of single, laser-
cooled Ca+ ions in a radiofrequency (RF) ion trap from
the metastable 3 D3/2 state to the 23 P1/2 state. Mea-
surements of the oscillating electric field at the ion po-
sition and its influence on the Rydberg line shape are
discussed (sections and ). This observation in combina-
tion with previously measured data on the P and F levels
of Ca+ [11, 19] enabled us to determine the quantum de-
fect of the P and F levels as well as the ionization energy
of Ca II (section ).
EXPERIMENTAL SETUP FOR RYDBERG
EXCITATION OF COLD TRAPPED IONS
To confine ions, we employed a linear RF ion trap,
consisting of four gold-coated, blade electrodes and two
titanium endcaps. This blade trap features 750 µm ion-
electrode distance and 500 µm wide segmented electrodes
in the proximity of the experimental zone. Two endcaps
were arranged at a distance of about 10 mm and fea-
ture 1 mm through holes which allow optical access for
the Rydberg excitation beam. The RF signal for trap-
ping, generated by an amplified output of a signal gen-
erator, was impedance matched to the trap using a heli-
cal resonator [20]. RF frequency ΩRF = 2pi×14.56 MHz
(2pi×5.98 MHz) and RF amplitude V0−peak = 250–
300 V (V0−peak = 150–200 V) were used. Typical sec-
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2ular trapping frequencies were {ωr1, ωr2, ωz} = 2pi ×
{1830, 1140, 560} kHz.
To load the trap, an atomic beam of neutral calcium
was produced by evaporation from a resistively heated
stainless steel tube aligned towards the loading zone.
The Ca beam passed through a slit to reach the trap-
ping region where 40Ca+ ions were produced by reso-
nant photoionization using two diode laser beams near
423 nm and 375 nm. All measurements were done us-
ing single trapped ions. Fast loading of ions has been
enabled by transporting them from a separate loading
zone, which was used as an ion reservoir. In this way, we
mitigate parasitic electric field shifts due to surface con-
taminations of trap electrodes near the loading region.
Doppler cooling of Ca+ ions was carried out using three
diode laser beams at 397, 866 and 854 nm pumping on
the (4s)2S1/2 → (4p)2P1/2, (3d)2D3/2 → (4p)2P1/2 and
(3d)2D5/2 → (4p)2P3/2 transitions, respectively. Side-
band cooling and high-precision spectroscopy of motional
modes were achieved using an ultra-stable Titanium-
Sapphire laser at 729 nm that drives the (4s)2S1/2 →
(3d)2D5/2 narrow quadrupole transition (figure 1(a)).
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FIG. 1. (a) Reduced energy-level diagram of the 40Ca+ ion,
and relevant transitions for laser cooling, Rydberg excitation
and detection. Only transitions to the Rydberg states that
can be driven by our VUV laser system are shown. Only the
23 P1/2 line is investigated here, for the F lines, see references
[11, 21]. (b) Laser pulse sequence for the excitation and de-
tection of the 23 P1/2 state from the metastable 3 D3/2 state,
see text for details.
Laser excitation of ions into Rydberg states is carried
out using continuous-wave vacuum ultra-violet (VUV)
coherent light at 122–123 nm which drives certain nP
and nF transitions of the Ca+ ion from the metastable
3 D3/2 or 3 D5/2 states with lifetimes in the order of
1 s [22], see figure 1(a). The VUV beam enters the trap
through endcap holes and passes along the trap symme-
try axis. VUV laser radiation was generated based on
a four-wave frequency mixing technique, in which three
light fields at 254, 408 and 580 (555) nm were tuned
close to the 61S→63P, 63P→71S and 71S→101P (111P)
transitions in mercury to enhance the efficiency of the
non-linear process [21–26]. Having the three fundamen-
tal beams locked to a reference cavity using the Pound-
Drever-Hall technique [27], we estimated the VUV laser
bandwidth of 850(130) kHz [26]. The wavelength of the
fundamental beams were monitored by a wavelength me-
ter (High Finesse WSU-10), which is calibrated to the
4 S1/2 → 3 D5/2 quadrupole transition of 40Ca+, and is
accurate to about 10 MHz at the sum frequency. The
VUV beam was collimated and focused to the trap ex-
perimental zone in an ultra-high vacuum chamber (at
pressure < 5 × 10−10 mbar) and the beam intensity is
monitored by a photomultiplier tube. The efficiency of
the four-wave-mixing process and thus the beam intensity
is a sensitive function of the wavelength generated [22].
For the presented measurements, the laser intensity is
about 3.3× 103 W/m2 at 123.217 nm near the trap cen-
tre. We estimate a VUV beam waist of about 12 µm and
power of 1.5 µW at the position of ions.
A successful excitation to a Rydberg state is detected
from an electron shelving signal [11] resulting in ei-
ther the ion transferred into the 3 D5/2 state, thus no-
fluorescence, or the ion undergoing fluorescence cycles
on the 4 S1/2 to 4 P1/2 transitions when exposed to laser
light near 397 nm and 866 nm. The fluorescence light
near 397 nm was collected, and spatially resolved by a
microscope (numerical aperture = 0.27) and was imaged
onto an electron-multiplying charge-coupled device (EM-
CCD) camera.
The laser pulse scheme used for the excitation and de-
tection of the 23 P1/2 line is shown in figure 1(b). A
single, Doppler-cooled ion was optically pumped to the
3 D3/2 state from which it was excited to the 23 P1/2
state. The population of the 23 P1/2 state decays to
the 4 S1/2 state in multiple steps with the predicted life-
time of about 18 µs [28]. Subsequently, the ground-state
population was transferred to the 3 D5/2 state using the
393 nm laser beam via the short-lived 4 P3/2 state. Al-
ternatively, pi-pulses of the 729 nm beam that address
the Zeeman manifold of the 3 D5/2 level can be em-
ployed. Successful Rydberg excitation events were there-
fore counted as dark ions in this case.
3RYDBERG 23P1/2 LINE SHAPE AND
ELECTRIC-FIELD COMPENSATION
Effects of the trapping fields on Rydberg ions in a lin-
ear Paul trap can be classified into two cases; RF and
static fields minima overlapped, i.e. no “excess” mi-
cromotion is experienced by ions, and non-overlapped
fields minima, i.e. ions “excess” micromotion is signif-
icant [29]. Due to the large polarisability of Rydberg
ions, “excess” micromotion may lead to strong driving of
phonon-number-changing transitions, and to resonance
frequency shifts [30], and hence, it is always preferred to
work in the former regime. Minimising the axial residual
RF field, which is along the Rydberg excitation beam, is
of particular importance in our experiment.
Resolved sideband spectroscopy on the (4s)2S1/2(mj =
−1/2)→ (3d)2D5/2(mj = −5/2) transition enabled us to
precisely determine the RF electric field amplitude |Eres|
at the ion position. If the ion is exposed to an oscillating
electric field, this narrow quadrupole transition acquires
sidebands. We measured the excitation strength as a
Rabi frequency of the carrier and the first micromotion
sidebands from which the modulation index due to the
micromotion, and hence, the electric field amplitude were
determined [31]. Figure 2(a) shows the result of this mea-
surement, where a single ion was moved to characterise
the electric field along the line of the RF node. At each
position, when moving the ion along the RF node, we
minimised micromotion in the transversal plane perpen-
dicular to the trap axis by applying compensation volt-
ages on trap electrodes. To detect such radial micromo-
tion, we observe the micromotion-induced modulation of
the fluorescence intensity from the 4 S1/2 to 4 P1/2 tran-
sition [29]. For the radial field compensation, we esti-
mated that the method is accurate to about 4 to 8 V/m
for different trapping frequencies, and hence, we estimate
a slightly better sensitivity for the field compensation in
the radial directions as compared to the axial one. Our
measurement shown in figure 2(a) indicates that the ax-
ial component of the micromotion is minimised at about
1000 µm from the trap geometry centre. We conjecture
that this effect might arise due to imperfections of the
trap geometry. All further spectroscopic measurements
for the transition frequency have been carried out at this
position, using a single ion while stray electric fields along
radial and axial directions were compensated.
From a Gaussian fit to the Rydberg excitation prob-
abilities that have been measured as a function of the
frequency of the 123 nm beam, we have determined
the 3 D3/2 → 23 P1/2 absolute, measured frequency at
2 433 043 773(12) MHz. Systematic frequency shifts of
Rydberg transitions of trapped ions can be caused by
the ac Stark shift [32]. This shift quadratically depends
on the polarisability of Rydberg states, which scales with
n7 for hydrogen-like ions, where n is the principal quan-
tum number [33]. Using the predicted polarisability of
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FIG. 2. (a) Amplitude of the residual electric field at the ion
position as a function of ion displacement along the RF node.
The solid line is a fit. The errorbars were calculated from fits
to the Rabi oscillations on the carrier and on the first red mi-
cromotion sideband transitions, see text for details. (b) and
(c) Excitation probabilities of the 3 D3/2 → 23 P1/2 transition
as a function of the VUV frequency near the resonance at the
electric field |Eres| = 160 V/m and |Eres| <10 V/m, respec-
tively, as indicated in (a). The red, solid curves in (b) and (c)
are calculated line shapes using the model in equation 2. The
errorbars depict quantum projection noise for 100 measure-
ment cycles at each data point. In (b)(in (c)), the RF voltage
VRF = 280 (120) V and the RF frequency ΩRF=2pi× 14.56
(5.98) MHz were applied. Note that (a) shows the result ob-
tained from micromotion spectroscopy on a narrow transition
using a 729 nm laser, however; (b) and (c) are the Rydberg
lines measured using VUV radiation at 123.217 nm.
4about P23P ≈ −1.2 × 10−32 C2·m2·J−1 for the 23 P1/2
state [33], we estimated less than −1.4 kHz frequency
shift at 10 V/m, a conservative value for the residual
electric field at the ion position. The ac Stark shift for
the line shown in Fig 2(b), where the ion is subjected to
|Eres| = 160 V/m is about −22 kHz.
A second systematic shift arises from the ion thermal
oscillation. The large polarisability of Rydberg states
leads to the quadratic ac Stark shift that modifies mo-
tional frequencies of the ion in a harmonic trap. There-
fore, the energy for Rydberg excitation is shifted depend-
ing on the phonon numbers in normal modes of oscilla-
tion. Since such a trap frequency alternation is two or-
ders of magnitude larger for radial modes as compared to
an axial mode in a typical experiment, the shift of the Ry-
dberg line transition is mainly affected by radial phonon
distributions. This shift depends on the sign of the po-
larisability of Rydberg states, e.g., shifts towards larger
frequencies for nP states of Ca+ with negative polaris-
abilities (see measured shifts towards smaller frequencies
for Rydberg S states of Sr+ with positive polarisabilities
[30]). Doppler cooling limit in this case is estimated to be
about 5 mK. For our typical operation conditions and a
Doppler-cooled ion, we estimated about 2 MHz frequency
shift.
The observed linewidth is about 12 MHz (FWHM).
The natural linewidth of the Rydberg levels, which scales
with n−3 [33], is less than 10 kHz for the 23 P line of
Ca II. The ac Stark broadening is negligible in this case
because of low susceptibility of this P line. For the
3 D3/2 → 23 P1/2 transition, we calculated a Rabi fre-
quency of 2pi×53 kHz using the 123 nm beam parameters
given in section , and the light shift of about 330 kHz.
Finally, the bandwidth of the excitation laser is < 1 MHz
(section ). Table I summarizes an overview of the sources
of systematic errors that are considered in our experi-
ment.
TABLE I. Summary of the contributions to the overall un-
certainty in the determination of the center frequency of the
3 D3/2 → 23 P1/2 transition.
Source of error Resulting
uncertainty
[MHz]
Stabilisation of the VUV beam < 1
Calibration of the wavelength meter 10
Thermal shift due to the polarisability
of the state
≈ 2
Natural linewidth of the transition 0.01
ac Stark shift due to the trapping field < 0.001
Light shift ≈ 0.33
Overall uncertainty 12
Figures 2(b) and 2(c) show the excitation probabilities
of the 23 P1/2 line measured at |Eres| = 160 V/m and
|Eres| <10 V/m, respectively. These results are in good
agreement with our calculations for the line shapes in
which the ac Stark shift and Doppler effect have been
taken into account. The modified resonance frequency of
the transition is given by [11]:
ν(t) = ν0 + (k · xmmΩRFsinΩRFt− PE
2
res
2
cos2ΩRFt)/2pi.
(1)
Here, ν0 is the unaffected resonance frequency, k is the
wave vector of the VUV laser, xmm is the ion micromotion
amplitude, and P is the polarisability of the Rydberg
state. From this equation, the alternation of the laser
field seen by the ion can be derived:
Elaser(t) ∝e−i2piν0tei2βPΩRFt
×
∑
n
Jn(βmm)e
in(ΩRFt+pi/2)
×
∑
m
Jm(βP)e2im(ΩRFt),
(2)
where, β is defined as the modulation index of the Bessel
function Jn(β), and is given by βmm = k · xmm for
the micromotion along the excitation beam and βP =
PE2res/8ΩRF. The sidebands caused by micromotion ap-
pear at n × ΩRF, whereas the sidebands due to the ac
Stark effect occur at 2n × ΩRF. After compensation of
the oscillating field, more than 5-fold reduction of the
micromotion modulation index of these sidebands was
observed.
DETERMINATION OF QUANTUM DEFECTS
AND IONIZATION ENERGY
The level energy of the Rydberg 23 P state investigated
in this work and those of P and F states from previous
measurements listed in table II were fitted to the ex-
tended Ritz formula [18]
En,l,j =I
++ − Z
2R∗
(n− µ(E))2 +
Z4α2R∗
(n− µ(E))3
[ 3
4(n− µ(E)) −
1
(j + 1/2)
]
.
(3)
Here, Z (= +2) is the charge of the Ca+ ionic core,
I++ and µ(E) denote the double ionization limit and
the quantum defect, respectively. Using the recom-
mended fundamental constants [19] and the 40Ca+ ion
mass [34], we calculated the reduced Rydberg constant
R∗ = 109 735.824 472 7(6) cm−1. Note that the third
term in equation (3), representing the fine-structure split-
ting, is significant for near-ground-state levels that are
taken from reference [19] as well as for the low-lying
23 P1/2 and 22 F5/2 states. In these calculations, we used
5the 3D5/2 level energy from reference [35] and the fine-
structure splitting between the 3D3/2 and 3D5/2 states
from reference [36], which lead to uncertainties about 6
to 7 orders of magnitude smaller than those of the Ryd-
berg states that are used in the calculations. The energy
dependence of the quantum defect µ(E) can be approxi-
mated by a truncated Taylor expansion
µ(En,l,j) =µ
0
l,j(I
++) +
∂µ
∂En,l,j
(En,l,j − I++)+
∂2µ
∂E2n,l,j
(En,l,j − I++)2 +O[(En,l,j − I++)3]
≈ µ0l,j(I++)−
∂µ
∂En,l,j
R∗
(n− µ1l,j)2
,
(4)
where µ0l,j , µ
1
l,j , I
++ and ∂µ/∂En,l,j were treated as ad-
justable parameters in the fitting routine. All energy
values En,l,j were weighted by the their statistical un-
certainties. A correlated fit was constructed based on
a nonlinear least squares model with 7 free parameters,
while the ionization energy is used as the common fit pa-
rameter between the two series. To justify the fit results,
we compared the fit residuals for fits to different data
sets that are differentiated by adding or subtracting data
points. For instance, we verified that fit residuals for the
5-, 6-, and 23 P states remain small regardless to using 7
and 8 P states or other F states listed in table II in the
fitting process.
TABLE II. Relevant Rydberg levels of Ca II and their energies
that were used in the correlated fit to the P and F series, see
text for details. For the last five terms marked with asterisks,
the 3D5/2 and 3D5/2 energies from references [35, 36] were
used.
Rydberg level
energy
wave number
[cm−1]
uncertainty
[cm−1]
reference(s)
5 P1/2 60 533.03 0.01 [19]
6 P1/2 74 484.94 0.01 [19]
5 F5/2 78 034.39 0.01 [19]
6 F5/2 83 458.08 0.01 [19]
7 F5/2 86 727.06 0.01 [19]
8 F5/2 88 847.31 0.01 [19]
9 F5/2 90 300.00 0.01 [19]
10 F5/2 91 338.00 0.01 [19]
∗23 P1/2 94 807.798 8 0.0004 This work
∗22 F5/2 94 842.764 0.003 [21]
∗52 F5/2 95 589.257 0.003 [11]
∗53 F5/2 95 595.656 0.003 [11]
∗66 F5/2 95 650.901 0.034 [11]
The model compiled from equation (3) and (4) is usu-
ally simplified by replacing µ1 by µ0. This form may
lead to adequately good fit results, see for instance refer-
ence [37] for np series of Cs I, reference [38] for ns, np, nd
series of Rb I, and reference [39] for ns, nd, nf, ng se-
ries of Sr II, in which identical results for the two cases
of µ1 = µ0 and µ1 6= µ0 are verified. This simplification
however spoils the meaning of the quantum defect as dis-
cussed by Drake and Swainson [40], and can ultimately
limit the accuracy of the quantum defect method for pre-
cision measurements. In our calculations for Ca II, we
observed that the use of µ1 6= µ0 in the fitting procedure
improved the fit “chi-squared” value, while fit residuals
were reduced by about one order of magnitude. This
might imply that effects arising from the core penetra-
tion by the Rydberg electron [40] needs to be more thor-
oughly investigated, for instance, the excitation of the
inner-shell electrons due to the Rydberg electron can be
explicitly used in multi-configuration Hartree-Fock cal-
culations [41].
TABLE III. Quantum defect expansion coefficients as de-
scribed in equation (4) for the nP1/2 states of Ca II. We
extracted the values from fits to measured transitions in the
given references. The uncertainties are the statistical stan-
dard deviations (one sigma) obtained from fits. The 7 P and
8 P terms marked with asterisks are calculated values from
reference [42]. Our result, which are obtained from a corre-
lated fit, is presented in the last row, see text for details.
Investigated range of n µ0 ∂µ/∂E
[R∗−1]
µ1
32 to 95 [43] 1.43(4) 0.3(1.8) 33(18)
5, 6, 7∗, 8∗ [19, 42] 1.438(2) −0.10(3) 1.5(0.4)
5, 6, 23 (this work) 1.43690(3) −0.1036(4) 1.438(4)
TABLE IV. Quantum defect expansion coefficients as de-
scribed in equation (4) for the nF5/2 states of Ca II. The un-
certainties are the statistical standard deviations (one sigma)
from fits.
Investigated range of n µ0 ∂µ/∂E
[R∗−1]
µ1
5 to 10 [19] 0.02930(8) 0.040(2) 0.14(7)
5 to 10, 22, 52, 53, 66
(this work)
0.02902(2) 0.0332(4) 0.46(2)
Table III and IV present the results for quantum de-
fects of the P and F states of Ca II. Also listed are the
values that we extracted from fits to the most precise
measured data prior to the present work. For the P-
series quantum defect, we have compared our results to
the experimental data reported in reference [43]. In this
case, we calculated the P-series quantum defect for the
centre of gravity of the nP1/2 and nP3/2 states, since
the fine-structure splitting was not resolved in that mea-
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FIG. 3. Fit residuals of the correlated fit to the nP (black
squares) and nF (red circles) states. Data points from ref-
erences [11, 19, 21] are used in combination with the 23 P
transition energy reported here, see table II and text for de-
tails.
surement. We exclude the values of reference [43] for the
following reason. If we take the ionization energy from
reference [43] and the quantum defect from the correlated
fit to our experimental data, we would get 120 GHz devi-
ations of the predicted Rydberg energies from the mea-
sured values of the P and F states in this work and in
references [11, 21]. This deviation is about two orders of
magnitude larger than the uncertainties reported. For
the F quantum defect, we compared our results with
those extracted from solely the term energies from ref-
erence [19]. A theoretical prediction of the values given
in Tables 3 and 4 can be found in reference [44].
Figure 3 shows the residuals of the correlated fit. The
residuals for the P states agree all with zero, however,
there is a discrepancy for the F states that were taken
from three references [11, 19, 21]. For the F states, we
conjecture that the scattered data in case of excitation to
F states stems from unknown systematic errors for these
separate sets of measurements. The apparent regularity
for the P-level quantum defect could possibly signal over-
fitting. A full set of consistent measurements in future
will allow a more accurate determination of quantum de-
fect parameters.
The ionization energy for the 40Ca+ ion obtained from
the correlated fit is 95 751.916(32) cm−1. The quoted
uncertainty was calculated by adding the statistical stan-
dard deviation from the fit and the systematic errors de-
scribed in section . A comparison between the ionization
limits of Ca II that have been reported since 1925 is pre-
sented in table V. Our value for this quantity is consistent
with the accepted value since 1999, by Litze´n et al. [19].
SUMMARY
We have studied the excitation of Doppler-cooled Ca+
ions in a RF trap the 23 P1/2 state using VUV radiation
near 123.217 nm. The modulation of this transition due
to the residual RF trapping field was understood and
this effect was minimised. The measured term energy
was used to determine the quantum defect for the nP1/2
states. Using this result for the P-series quantum defect,
one can narrow down the frequency range for searching
the excitation energies to other P levels. The ionization
energy was determined to be 95751.916(32) cm−1, which
is in agreement with the accepted value [19].
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